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Critical Member, FCM, "as a steel member in tension, or sub-element within a built-up member that is in 20 tension whose failure is expected to result in the collapse of the bridge or the inability of the bridge to 21 safely carry some level of traffic (live load) in its damaged condition. This live load may be less than the 22 full design live load for the strength limit state load combination". The memo also agrees with the 23 AASHTO LRFD by noting that "the criteria for a refined analysis used to demonstrate that part of a 24 structure is not fracture-critical have not yet been codified. Therefore, the loading cases to be 25 studied, location of potential cracks, degree to which the dynamic effects associated with a 26 fracture are included in the analysis, and fineness of models and choice of element type should all 27 be agreed upon by the Owner and the Engineer… and reviewed by FHWA". Additional issues 28 related to the evaluation of the redundancy of Fracture-Critical bridges have been outlined in an NCHRP 29 Synthesis Report by Conner et al (2005) . 30
In an attempt to address the lack of codified criteria, research sponsored by NCHRP has proposed a 31 methodology and associated criteria to evaluate the redundancy of highway bridges based on a refined 32 incremental structural analysis approach [Ghosn and Moses, 1998; Ghosn and Yang, 2014] . The 33 recommended NCHRP criteria were selected based on the performance of bridges that historically have 34
shown acceptable levels of redundancy. This paper describes how the NCHRP approach can be used to 35 perform structural redundancy analysis of highway bridges. The analysis accounts simultaneously for 36 load path redundancy which considers the number of main supporting members and structural redundancy 37 which can be provided by continuity and other three-dimensional mechanisms. The analysis is illustrated 38 for two typical bridge configurations. The first model consists of a simply supported truss bridge 39
superstructure. The second model is that of a continuous three-span steel twin box girder bridge. These 40 two examples are selected because these types of structures are generally considered to be fracture-critical 41 non-redundant bridges. The analysis of these and similar types of bridges has recently attracted 42 considerable attention following the well-known I-35 Minnesota bridge collapse and the near-collapse of 43 the Hoan Bridge in Milwaukee Wisconsin. In fact, experimental studies have been recently conducted at 44 the University of Texas on steel-box girder bridges and at the University of West Virginia on truss 45 bridges to ascertain the ability of such bridges to sustain large levels of damage and yet be able to still 46 carry significant amounts of live loads [Barth et al (2013) and Williamson et al (2010) ]. Analytical 47 studies have also been conducted by Hunley and Harik (2012) to evaluate the effect of various bracing 48 configurations on the redundancy of steel twin box girder bridges and by Hubbard et al (2004) to verify 49 that twin steel-tub bridges can be safely used in actual construction. Although some of the above listed 50 work used some of the criteria proposed in NCHRP 406 and 776, this manuscript provides a more 51 comprehensive approach for evaluating the redundancy of the two examples bridges. 52
The nonlinear structural redundancy analysis is performed with the commercial software ABAQUS to 53 investigate the post-linear behavior of a bridge in its initial intact configuration which is defined as the 54 ability of a bridge to continue to carry vehicular loads beyond the elastic limit. Also the analysis is 55 performed assuming that the bridge is subjected to major damage to one main member. 3-D models of 56 the two bridges are shown in Figure 1 . The structural members of both bridges are modeled with 2-D 57 shell elements. For the truss bridge, Grade 36 ksi (250.0 MPa) steel is used for the truss members and the 58 beams supporting the concrete deck. The concrete deck's strength is f' c =4.0 ksi (28.0 MPa). The 59 structural steel is assumed to be nonlinear, while the concrete is assumed to remain elastic as the deck's 60 contribution is primarily to transfer the load between the two parallel trusses and does not help improve 61 the load carrying capacity of the structural system which is controlled by the two parallel trusses. For the 62 steel box bridge, the materials used in the analysis are Grade 50 ksi (350.0 MPa) for the steel plates and 63 braces. The concrete deck's strength is f' c =4.0 ksi (28.0 MPa) and the nonlinear behavior of the concrete 64 is taken into consideration because of its important contribution to the longitudinal bending capacity of 65 the composite sections and also because of the potential importance of its behavior to the lateral 66 distribution of the load. 67
The analysis is performed for the load location that will give the most critical system response. For all the 68 cases considered, that position coincided with the truck being placed near the middle of the span. This 69 also assured that the same baseline is used in the comparison of the maximum effect. It is also assumed 70 that all the connections and details are properly designed to allow for the full development of the plastic 71 forces and moments in the main members. Thus, this study does not consider internal redundancy or the 72 effects of weaknesses in connections and details. 73
In a first analysis, each originally intact bridge is loaded by the dead weight and two side-by-side HL-93 74 trucks (which are the same as the HS-20 trucks) without the lane load. This loading is selected because, 75 according to Nowak (1995) , side-by-side truck loads form probablistically the most likely load pattern 76 that a bridge is expectedto experience. The truck loads are incremented and a pushdown analysis is 77 performed to determine the multiples of the HL-93 trucks that would cause the complete failure of the 78 structure. In a second set of analyses, different damage scenarios are considered where in each scenario a 79 different member of the bridge is removed from the structure. Another incremental push down analysis is 80 performed to determine the multiples of the HL-93 trucks that would cause the complete failure of the 81 bridges in their damaged configurations. The HL-93 trucks (HS-20 trucks) are used for the baseline 82 without the lane loads in order to account for the effect of the distribution of the axle weights on the 83 formation of the plastic hinges. A sensitivity analysis was performed in NCHRP 776 to verify that the 84 choice of baseline load did not affect the results. As is the case when one uses different sets of units 85 during the analysis process, if a different baseline line load were to be selected, the final conclusions on 86 the redundancy are not changed. 87 The steel truss members and the deck's cross beams and longitudinal beams are formed by assemblies of 97 steel plates. The widths and thicknesses of the steel plates are listed in Table 1 The span lengths are all equal to 180 ft (55.0 m). The bridge's slab width is 42' 10 3/4" (13.0 m). The 104 three spans form a part of a much larger multi-span bridge, and they are extracted for the purpose of 105 demonstrating the high level of redundancy of continuous span steel tub bridges. The effective slab 106 thickness is considered as 9" (230.0 mm). The depth of the tub-girder is 6' 9" (2.1 m). 107
The steel tub section consists of two web plates with a thickness of ¾" (19 mm) each sloped at 4:1 grade. 108
The bottom flange is a 2" (50 mm) thick plate with a total width 5' 7 ½" (1700 mm). To simplify the 109 model, the top longitudinal plates that connect the steel tub to the deck are not modeled for this analysis. 110
Note that this same generic section is considered for both the negative and positive flexure zones. 111
The tub girders are braced to each other with angle sections L6 x 6 x 1 in. (L150 x 150 x 25 mm) at ¼ 112 length of each span. Like the longitudinal boxes, the braces are modeled using shell elements. At the 113 same cross section location of the horizontal braces internal K-brace systems are also provided within the 114 boxes. These also are formed by angle sections L6 x 6 x 1 in. (L150 x 150 x 25 mm). 115 response of the structure after local fracture, the steel's stress-strain curve is assumed to drop to a very 126 small value of stress while keeping its ability to sustain additional strain after rupture. This will provide 127 ABAQUS with the ability to represent the spread of plasticity after a local failure without encountering 128 numerical instabilities. 129
Loads and Materials
The concrete's Young's modulus is assumed to be equal to 3,600 ksi (25 GPa on the deviatoric stresses, which is mostly applicable to metals rather than ceramic materials like 146 concrete, it seems to provide similar results to those obtained when failure criteria models specific to 147 concrete such as the Concrete Smeared Cracking model are applied [Williamson et al. (2010) ]. 148
To perform the nonlinear static analysis, ABAQUS applies increments to either the load applied on the 149 structure (load control) or the displacement (displacement control). The displacement control option is 150 used because it is numerically more stable than the load control option. At every step, the program 151 compares  VM of every element to check where it falls on the stress-strain curve shown in Figure 2 . The 152 program adjusts the material's stiffness and checks whether the value of  VM is lower than the material's 153 capacity. The program then traces the load-displacement curve for the control node selected by the user. 154
In the analyses performed in this study, the control node is selected to be the node of the bridge at which 155 the maximum vertical displacement is measured. 156
Analysis of Originally Intact Truss Bridge 158
The push down analysis is performed on the originally intact bridge labeled TULTM in Figure 1  159 producing the load-displacement curve shown in Figure 3 . Two system limit states are checked for the 160 originally intact structure: a) The load at which the structure reaches collapse and b) the load at which the 161 maximum vertical displacement reaches a value equal to span length/100 (L/100). The L/100 limit, 162 which corresponds to a very high level of plastic deformations, indicates that even for the cases where the 163 bridge may be able to take very high loads without collapsing, it may exhibit high deformations rendering 164 it essentially nonfunctional way before collapse. In this example, the truss bridge length is 110 ft (33.5 165 m), and the L/100 displacement limit is 1.1 ft or 13.2 inches (335 mm). 166
The program first applies the dead load to the structure that consists of the weight of the steel trusses, the 167 girders and the weight of the concrete deck; then it applies the live load due to the two side-by-side HL-168 93 trucks. The live load is then incremented until the failure of the structure. According to Ghosn and 169 Moses (1998), the acceptable level of redundancy depends on the type of failure considered. For an 170 originally intact bridge, two redundancy measures can be evaluated: the first is related to the ultimate 171 capacity of the system and the second is related to the functionality limit state. For the ultimate limit state, 172 the load factor LF u gives the number of HL-93 trucks required to cause collapse and redundancy is 173 measured as the ratio between LF u and LF 1 , where LF 1 is defined as the value of the load factor that 174 causes the failure of the first member. Specifically, LF 1 is equal to (R -D)/LL, where R is the member 175 capacity of the most critical component, D is the dead load effect on the member and LL is the live load 176 effect of two HL-93 trucks. The load factor corresponding to LF 1 for this bridge is equal to 7.00, 177
indicating that the first member fails when each of the two HL-93 trucks are loaded up to a total weight 178 equal to 72x7.00=504 kip (2250 kN) or a total live load of 1008 kip (4500 kN). The value for LF 1 is 179 calculated using the commercial software SAP2000 assuming linear elastic behavior of the truss as is 180 done using traditional structural design and evaluation methods. For the functionality limit state, the 181 redundancy is measured as the ratio between the load factor LF f which gives the number of HL-93 trucks 182 needed to cause a maximum vertical displacement equal to span length/100 and LF 1 as defined earlier. 183
The result of the nonlinear analysis is depicted in the load deformation curve of Figure 3 . The curve 184 provides the maximum live load normalized to the weight of two HL-93 side-by-side trucks (LF) versus 185 the maximum vertical displacement. Figure 3shows that for the originally intact structure, the global 186 behavior of the structure remains essentially linear until the point where the truss's compression chord 187 starts to buckle. Although some portions of the structure exhibit yielding before that point, the yielding is 188 still in its very initial phase and thus the curve is almost linear until the onset of buckling. Buckling makes 189 the structure deform without any significant additional increment in the applied load as the maximum 190 displacement varies between 2 and 6 inches (50 and 152 mm). After the deflection reaches 6 inches (152 191 mm), the structure begins to unload but continues to deflect until collapse. The maximum load effect LF u 192 obtained for this configuration is equal to 9.45 times the effect of the two HL-93 side-by-side trucks. The 193 value of LF 1 is about 7.00 times the effect of the HL-93 truckloads. Hence, the redundancy ratio for the 194 ultimate limit state, LF u /LF 1 , is equal to 9.45/7.00 = 1.35 which is greater than the reference value of 1.30 195 recommended in NCHRP report 406 for the ultimate limit state. 196
When the maximum displacement reaches L/100 or 13.2 inches (335 mm), the maximum live load factor, 197 LF f , is about 9.0 and the redundancy ratio, LF f /LF 1 , is equal to 9.00/7.00 = 1.28, which is greater than the 198 reference value of 1.10 recommended in NCHRP 406 for the functionality limit. 199 Figure 4 shows the buckled member and the area of the bridge where the material yields. It is noted that 200 the bridge is able to redistribute the load to regions far away from the area where buckling takes place. 201 This is possible when the connections between the two parallel trusses and the deck are sufficiently strong 202 to allow for the redistribution of the load from the more heavily loaded truss to the other truss. 203
According to the criteria defined in NCHRP Report 406, this truss bridge structure in its originally intact 204 configuration can be considered redundant. 205 
Analysis of Damaged Truss Bridge 206
In this section, the bridge is analyzed assuming different damage scenarios. The damages are applied to 207 the truss that is close to the vehicle loads, which is the truss that failed during the analysis of the 208 originally intact bridge. Damages in all four types of truss members are considered: 1) the compression 209 chords on the top of the truss; 2) the tension chords in the bottom part of the truss; 3) the vertical 210 members and; 4) the diagonals. For the truss bridge, each damage case scenario is labeled with a tag in 211 the vicinity of each member as shown in Figure 1 where CM01 indicates that the damage scenario 212 corresponds to damage to the first compression member, CM02 is for the second damage scenario for a 213 compression member … Similarly, DM01 indicates damage to the first diagonal … VM stands for 214 damage to a vertical member, and TM for damage to a tension member. In all cases, the damage is 215 simulated by removing an entire member, and the pushdown analysis is performed on the modified 216 models. This would simulate the fracture of tension members due to fatigue or the failure of any member 217 due to an impact. It is noted that the analysis is performed to estimate the post-damage capacity of the 218 system under static loading. The analysis does not consider the dynamic behavior during impact or 219 during the release of the fracture energy. The purpose of the analysis is to verify that a damaged bridge 220 will still be able to carry a sufficient level of traffic until the damage is noticed, the proper authorities are 221 alerted, and appropriate decisions on repair or closure are undertaken. The comparison of the Load Factor 222 versus deformation curves for the different damage scenarios and intact truss bridge is shown in Figure 5 . 223
224

Damage of a Tension Chord 225
In this damaged configuration, the tension chord close to the middle point of the bridge was removed (TM01). This type of damage can for example simulate a possible member loss due to fatigue fracture or due to impact from the passing of a ship, over-height truck or debris carried by over swelling rivers below the bridge.
Damage of Compression Chords 226
Three possible damage cases are considered for damage to upper chord members. In the first case, the 227 compression member is removed in the part of the truss closest to the support (CM01). Subsequently, in 228 the two other cases, CM02 and CM03, a different compressive chord member is removed one at a time. 229
Damage of Vertical Members 230
For this damage type, four different scenarios are considered. One vertical member at a time is removed 231 for each of the four cases. In the first case, the vertical member is removed in the part of the truss closest 232 to the support (VM01). In the three following cases, VM02, VM03 and VM04 one other member is 233 removed at a time. The loading is still kept at the middle of the bridge because this gives the lowest 234 capacity for the system. 235
Damage of Diagonal Members 236
For this damage scenario, three cases have been considered. One diagonal member at a time is removed 237 for each of the three cases. In the first case the diagonal member of the truss closest to the support is 238 removed (DM01). Subsequently, in the two other cases, DM02, and DM03, a different diagonal member 239 is removed after restoring the previously eliminated member. 240
The load deflections curves for all the damage scenarios are depicted in Figure 5 and summarized in 241 Table 2 . The interpretation of the results is presented further below. 242
Figure 5 -Comparison of Load Factor-deformation curves for different Truss Bridge models 244
Analysis of Originally Intact Steel Box Girder Bridge 245
The steel box bridge shown in Figure 1 represents the intact model of the box bridge selected for analysis 246 tagged BULTIM. The baseline load also consists of two HL-93 trucks side-by-side at the mid-span placed 247 toward one side of the box, [Nowak (1995) ]. The vertical pushdown analysis results are presented in 248 terms of the total truck load versus the corresponding vertical displacement at the midspan of the exterior 249
girder. The pushdown analysis is started after the dead load is applied and this stage represents the 250 starting point for the pushdown analysis. The vertical displacement due to the dead load effect is equal to 251 0.028 ft (8.5 mm) at
Step 0. The relationship between the maximum displacement and the live load is 252 plotted in Figure 6 . Steel near the support yields first and with the increment of live load, the concrete in 253 the middle span starts to yield and then some concrete elements crush as the bridge reaches its maximum 254 live load capacity at 2706 kips (12000 KN). Figure 7 shows the spread of damage at ultimate. 255
As done for the truss bridge, the redundancy can be evaluated by the ratio of LF u /LF 1 for the ultimate 256 limit state. Here, LF u is expressed in terms of the number of two side-by-side HL-93 trucks required to 257 cause the system failure. LF 1 gives the number of two side-by-side HL-93 trucks that will cause first 258 member failure. The maximum load effect LF u is equivalent to 18. Here R is the moment capacity of the steel box section, D is the dead load effect, and LL is the live load 263 effect of two side-by-side HL-93 trucks. 264
In this analysis, it is assumed that the shearing studs are well designed so that no failure takes place at the 265 interface between the steel and the concrete deck, that the composite effect is preserved at the interface, 266 and that the concrete is able to transfer the load laterally until its limiting lateral capacity is reached. The 267 validity of this assumption must be independently ascertained by checking the details of the connections 268 between the deck and the steel boxes as explained by Williamson et al (2010) . 269
After the peak response is reached, the bridge begins to unload under the effect of additional 270 displacement. At the same time, the live load is redistributed closer to the supports and some of the steel 271 fails until the bridge unloads down to 2511 kips (11200 KN) when the displacement reaches a value equal 272 to 1.2 ft (366 mm). As regions near the supports fail, the live load is redistributed back toward the middle 273 of the span as seen in Figure 7 . When the displacement reaches 1.72 ft (524.0 mm), the analysis stops due 274 to numerical instability caused by the large number of elements that have failed. The last stage exhibits 275 some hardening due to the steel's constitutive stress-strain relation. 276 
Analysis of Damaged Steel Box Girder Bridge 278
In this section, the bridge is analyzed assuming different damage scenarios. The damages are applied to 279 the box that is close to the vehicle loads, which is the beam that failed during the analysis of the originally 280 intact bridge. The following damages are considered: 1) Removal of the braces between the boxes; 2) 281 complete fracture of the box at mid-span; 3) 15-ft wide fracture through the web; 4) 80-ft wide fracture 282 through the web; The comparison between the load -displacement curve of the originally intact bridge 283 and the curves from the different damage scenarios is shown in Figure 6 . 284
285
Damage of Braces between the Boxes 286
In this damage scenario (DB01), all braces between the boxes are removed. As expected, the results show 287 that the ability of the system to redistribute load from the damaged box in proximity of the applied load to 288 the adjacent box beam is compromised. 289
With the increment of live load, the steel in the middle span starts to yield and then some parts of the 290 concrete crush as the bridge reaches its maximum live loading capacity at 1726 kips (7700 KN). The 291 maximum load LF d at failure is equivalent to 12 times the effect of two side-by-side HL93 trucks. As the 292 concrete crushes, the bridge begins to unload as it redistributes some load toward the supports. Finally, as 293 the steel in the middle span ruptures, the failure mechanism forms leading to the collapse of the bridge at 294 a displacement equal to 1.53 ft (470 mm). Comparing the results of the intact bridge model with cross 295 frames, the capacity of the bridge without the cross braces is reduced by about 36%. This shows that 296 braces have an important role in the plastic redistribution of the load in box girder bridges. 297
Damage of Section due to a complete Fracture 298
In this damage scenario (DB02), the finite element analysis studies the behavior of the steel box bridge 299 when the continuity of the element is compromised at the mid-span due to a fracture in the box under the 300 load that is 0.5-ft (160 mm) wide. This fracture cuts all the way from the bottom flange throughout the 301 two webs to the bottom of the deck. The latter remains intact spanning over the cut. The main purpose of 302 this model is to study the capacity of the system to carry some load in case a fatigue fracture propagates 303 along the depth of a critical section. 304
As the applied live load is incremented, concrete begins to crush when the bridge reaches a live load 305 equal to 1940 kips (8630 KN). The ultimate live load carrying capacity for this damage scenario, LF d 306 corresponds to 13.5 times the effect of two side-by-side HL-93 trucks. As the concrete crushes, the load 307 redistributes toward the support regions and the bridge continues to carry additional live load. Finally, as 308 the steel near the supports ruptures and more concrete crushing takes place in the middle span, the failure 309 mechanism forms leading to the collapse of the bridge at a vertical displacement equal to 1.18 ft (340 310 mm) without showing any residual ductility. When the bridge collapses, the cross frames right under the 311 center load buckle. From Figure 6 , it can be seen that the fractured bridge's system capacity is reduced by 312 28% compared to that of the intact bridge. 313
Damage of Web and Flange due to a Cut 314
In this damage scenario (DB03) a 15 ft (4.6 m) wide fracture cut is introduced through the entire depth of 315 one web and across half the width of the bottom flange near the mid-span of the girder. However, the 316 deck over the fracture is kept intact bridging longitudinally and laterally over the cut until it fails under 317 loading. The purpose of this model is to study the capacity of the system to carry load within the 318 presence of a damage in the web which, for example, may be caused by collisions from trucks or ships 319 crossing under the bridge. 320
As the live load applied on the damaged bridge is incremented, some of the concrete at the middle of the 321 span and the steel near the supports start to yield. As steel elements near the support start to rupture and 322 concrete in the middle of the span crushes, a failure mechanism develops leading to the collapse of the 323 bridge. The maximum live load that causes collapse is 2530 kips (11260 KN), which can be presented in 324 terms of a maximum load factor LF d equal to 17.6 times the effect of two side-by-side HL-93 trucks. The 325 maximum displacement when the bridge collapses is equal to 1.70 ft (520 mm) and the cross frames close 326 to the damage area plastically buckle. Comparing with model DB02 where both webs and flange were cut 327 with a 0.5 ft wide fracture, the bridge described in this DB03 model can carry 30% more load even with a 328 wider fracture. This shows that maintaining some connectivity within the steel section is more important 329 than the extent of the damage itself. The capacity of the model described in this scenario DB03 is only 330 about 6.5% less than that of the intact bridge. 331 332
Damage of Web and Flange due to a Large Cut 333
In the last damage scenario (DB04) analyzed, a 80 ft (24.4 m) wide fracture cut is introduced through the 334 entire depth of one web and across half of the bottom flange near the mid-span of one girder. However, 335 the deck over the fracture is assumed to remain capable of distributing the load laterally until it fails. The 336 purpose of this model is to study the capacity of the system to carry load in the presence of a larger 337 damage to the web than that assumed for the DB03 model studied earlier. 338
The failure mechanism for this case is very similar to that observed for DB03 with a wider and faster 339 spread of steel and concrete rupturing and crushing. The live load that causes collapse is 2104 kips (9360 340 KN). The associated load factor LF d corresponds to 14.6 times the effect of two side-by-side HL-93 341 trucks. The bridge collapses when the maximum displacement is 1.17 ft (360 mm), at which point the 342 cross frames closest to the damaged area plastically buckle. Compared to the scenario described in model 343 DB03, it is observed that the wider fracture reduces the capacity of the bridge by an additional 20%. The 344 capacity of the bridge in the damage scenario DB04 is about 28.6% less than that of the intact bridge. 345 346
Analysis of Results 347
Truss Bridge 348
The analysis of different damage scenarios for the exmple truss bridge analyzed in this paper shows that 349 the redundancy ratio depends on the location where the damage develops. In fact, the ratio for different 350 limit states varies considerably. The analyses perfomred demonstrate that this truss bridge has adequate level of redundancy for 368 overloading in its originally intact condition according to the criteria proposed in NCHRP Reports 406 369 and 776. Also, the bridge is not fracture-critical in the traditional sense because the failure in any of its 370 steel tension members is not expected to result in a partial or full collapse of the bridge. However, this 371 truss bridge may be labelled as "damage-critical" because the failure of a compression chord would 372 significantly reduce the bridge's ability to carry vehicular load in a damaged state leading to a redundancy 373 ratio LF d /LF 1 equal to 0.30, which is lower than the benchmark of 0.50 set in NCHRP Report 406. 374
It is noted that the local failures of the members of a damaged truss depends on the load location. 375 Therefore, our analysis concentrated on the global behavior and the load was moved around the deck to 376 be applied in the position that produced the lowest system capacity. If one wishes to study the local 377 behavior of one particular member, then different loading positions would be used for the different 378 damage scenarios. That would be needed to identify which members must be strengthened to improve the 379 global behavior of the damaged system. 380
The good performance of this system is related to the types of connections used in this truss and the 381 ability of the deck to redistribute the load. Both of these factors can drastically affect the global behavior 382 of the system. 383
384
Steel Box Girder Bridge 385
The models analyzed for the steel box girder bridge show that the capacity of continuous steel tub bridges 386 depends on the damage scenarios and cross frames. Table 2 summarizes the redundancy ratios for the 387 different scenarios analyzed. 388
The redundancy ratios compare the maximum capacity of the system to that of the first section to fail. If 389 two trucks are loaded in the middle span, the first section fails in negative bending when the weight of 390 these trucks is incremented by a factor equal to LF 1 =9.7. 391
The results in Table 2 show that this bridge in its originally intact configuration provides high levels of 392 redundancy for the ultimate limit state. That is, if the bridge is evaluated for the strength limit state using 393 traditional methods where the analysis is performed using a linear elastic model and the ultimate member 394 capacity is evaluated using the traditional AASHTO specifications approach, the results will underpredict 395 the load-carrying capacity of the system. Even if the bridge is heavily damaged due to a fatigue fracture 396 or other extreme events, the bridge is found to be redundant and able to withstand a considerable amount 397 of load in its damaged configuration before collapse. It is noted that all the damage scenarios were 398 evaluated by placing the load in the middle span only. Table 2 does not list values for the functionality 399 check of the originally intact system LF f /LF 1 or the ratio LF 100 /LF 1 for any of the damage scenarios 400 because in all the cases analyzed, collapse took place before the displacement reached span/100 = 1.80 ft 401 (550 mm). A more complete analysis should also include possible loading in two spans. However, 402 because of the ductility of the bridge members even in the negative bending regions, the bridge is 403 expected to still be able to carry a significant load for all loading conditions and damage scenarios. 404
Because the analysis shows that the redundancy ratio of the bridge in its originally intact condition 405 LF u /LF 1 is significantly greater than 1.30 and because even in its damaged condition the ratio LF d /LF 1 is 406 significantly higher than 0.50, the bridge should not be designated as fracture-critical. 407
It is noted that the analysis of the box girder bridge presented in this example assumed that the 408 connections and the details including the shear connections between the deck and the boxes are designed 409 so that they do not fail under the applied vertical loads. This issue should be investigated on a case-by-410 case basis in a more complete analysis. 411 412 
